ABSTRACT Concentrated extracts from HeLa cells prepared by the procedure of Sugden and Keller [Sugden, B. & Keller, W. (1973) J. BioL Chem. 248, 3777-3788] can synthesize RNA molecules of discrete lengths in the presence of DNA templates carrying complete viral transcription units. Accurate initiation of transcription was shown to occur at the "major late" promoter and at the promoter for the "early region In" transcription unit of the adenovirus 2 genome. A cloned fragment of adenovirus 2 DNA containing the early region Im transcription unit directs the synthesis ofdiscrete RNA species, many ofwhich correspond in length to spliced early region m mRNAs isolated from adenovirus 2-infected HeLa cells. As shown by hybridization/nuclease SI analysis, RNA splicing and the formation of specific 3' ends are also taldng place in vitro.
Since the discovery of spliced mRNAs in cells infected with adenovirus 2 (Ad2; refs. [1] [2] [3] , it has become apparent that many other eukaryotic mRNAs are composed of sequences ofnucleotides that are not contiguous with the DNA template. Mature mRNAs are derived from primary transcripts by several posttranscriptional processing steps, which include modification of the 5' ends by a "cap" structure containing 7-methylguanosine, addition of a tract of poly(A) at the 3' termini, and removal of intervening sequences by RNA splicing (for review, see ref. 4) . Many ofthese processes can be demonstrated in isolated nuclei from virus-infected cells (5) (6) (7) (8) (9) . However, to study the enzymes and other components involved in these reactions, soluble cellfree systems are required that carry out transcription and processing of RNA in vitro. Specific initiation of transcription of mRNA precursors has recently been observed in vitro in two different cell-free systems. One of these uses purified RNA polymerase II and a high-speed supernatant from a KB-cell lysate (10) , and the other (11) uses a concentrated extract of HeLa cells prepared by a method originally devised for the isolation of RNA polymerase (12) . Both ofthese systems have been used to examine the transcription ofpurified fragments ofviral DNA that include known promoter sequences but do not contain natural transcriptional termination signals. Under these conditions, RNA molecules are generated that are initiated at the specific site known to be used in vivo and extend to the end of the DNA fragment used as template. As expected, such "runoff" transcripts are neither polyadenylylated nor spliced, although they do include "cap" structures at their 5' ends (10, 11) .
The transcription experiments described here use extracts ofHeLa cells prepared by a modification ofan earlier procedure (12) . As templates, we used the DNA of either Ad2 or of a plasmid containing the DNA coding for a single Ad2 transcription unit. In each case, the synthesis of a number of discrete viral transcripts that appear to have counterparts in the cytoplasm of human cells infected with Ad2 was observed.
MATERIALS AND METHODS Preparation of DNA. Ad2 and DNA were prepared as described (13) . Restriction endonuclease Sma I fragment C was inserted by ligation into the Sma I site of the plasmid pACYC 177 (14) and cloned in Escherichia coli C 600 by standard procedures (15) . The cloning and growth of the recombinant plasmid was carried out under P2/EK1 containment according to the National Institutes of Health guidelines for recombinant DNA research. The resulting recombinant plasmid was designated pAd2 SmaC. Plasmid DNA was prepared as described (16) . In vitro labeling of DNA by nick translation was carried out as described (17 (18) .
Preparation of HeLa Cell Extracts. Extracts from exponentially growing uninfected HeLa cells were prepared and concentrated by (NH4)2SO4 precipitation and dialysis as described (12) . The heat treatment after lysis of the nuclei and the treatment with phenylmethylsulfonyl fluoride were omitted. Sixteen milliliters of packed cells gave 11 The analysis of in vivo E III mRNAs by hybridization/nuclease S1 digestion, followed by agarose gel electrophoresis of the DNA-RNA hybrids is shown in Fig. 2A (29) and DNA sequence analysis data (30 (Fig. 3B) . In each case, the length of the in vitro transcripts corresponded to the distance between the position ofthe promoter and the end ofthe DNA template. These results demonstrate that the initiation of RNA synthesis in our in vitro system is guided by the promoters operating in vivo.
In Vitro RNA Splicing, To demonstrate that RNA splicing takes place in the in vitro system, a modified hybridization/ nuclease S1 experiment (35) was carried out as outlined schematically in Fig. 4D . Unlabeled RNA was synthesized in a standard reaction containing pAd2 SmaC DNA template and purified as described in Materials and Methods. A plasmid clone containing the Ad2 HindIII H fragment (coordinates 73. 6-79.9) was digested with HindIII, and the 5' ends of the resulting fragments were labeled with [y-32P]ATP and DNA kinase. The endlabeled DNA fragments were hybridized to the in vitro RNA, and the resulting hybrids were digested with nuclease S1 and analyzed on a denaturing agarose gel. The same experiment was also carried out with mRNA from Ad2-infected HeLa cells as a control. As shown in Fig. 4D , unspliced E III RNA would protect a DNA fragment of 1044 nucleotides from nuclease S1
digestion. E III RNAs that have a splice deletion (Fig. 1) after the common leader segment will lead to the formation of two protected DNA segments, only one of which will be radiolabeled. The results of this experiment are shown in Fig. 4 . The in vivo RNA protected two radiolabeled DNA bands whose lengths corresponded to those predicted from the known nucleotide sequence ofthis region ofthe Ad2 genome (ref. 30 ; Fig.   4A ). The fragment of z280 nucleotides was much more intense than that of :'1040 nucleotides, showing that most in vivo E III RNAs contain a splice junction. The presence of a-weak DNA band of 1040 nucleotides shows that a small fraction of the in vivo E III RNA consists of unspliced molecules. The RNA synthesized in vitro also protected two labeled DNA fragments from nuclease digestion whose sizes corresponded to those found in the in vivo RNA experiment (Fig. 4B) (35) . Approximately 100,000 cpm of end-labeled DNA was hybridized to -5 tug of poly(A)+RNA from Ad2-infected HeLa cells (A) or to in vitro RNA from a standard reaction mixture (B). After hybridization, the mixtures were digested with nuclease S1 at 30TC as described in Materials and Methods and then analyzed by electrophoresis through a 1.4% agarose gel containing 6 The finding that the majority of DNA-RNA hybrid bands generated after hybridization of mRNA from Ad2-infected HeLa cells to E III DNA correspond to RNAs synthesized in vitro suggests that RNA splicing is taking place in the cell-free system. Direct evidence for RNA splicing comes from the modified hybridization/nuclease S1 experiment (Fig. 4) , in which the generation of a protected DNA fragment of =280 nucleotides is diagnostic for the presence of a splice junction in the in vitro RNA.
From our experiments, it is not possible to determine whether the 3' ends of the in vitro RNAs are the result of specific transcription termination events or whether they are made by endonucleolytic cleavage of longer primary transcripts. The latter mechanism has been found to operate in vivo (36, 37) .
In agreement with earlier work (10, 11), we find that the RNAs synthesized in vitro carry methylated cap structures at their 5' ends (results not shown). However, we are at present not certain whether polyadenylylation of the 3' ends also takes place. Variable amounts of the total RNA synthesized in vitro (5-20%) could be retained on a column of oligo(dT)-cellulose and eluted with low-salt buffer (38) . This low efficiency ofbinding may be due to the presence ofpoly(A) tails too short to form stable hybrids with oligo(dT). Moreover, we cannot exclude the possibility of unspecific binding to oligo(dT)-cellulose of RNA molecules containing no poly(A) sequences.
Transcription and processing of RNA to generate mature mRNAs requires the concerted action of many enzymes and other components. Particularly interesting are protein factors that promote the initiation of RNA synthesis at specific sites (39) and the enzyme(s) and cofactors such as ribonucleoprotein particles containing small nuclear RNA that have been implicated as possible participants in RNA splicing (40, 41) . Perhaps, by fractionating the HeLa cell extract, it will be possible to identify some of the components necessary for the expression of eukaryotic genes. 
